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Inclined enclosureAbstract Inﬂuence of adding CuO nanoparticles in the base ﬂuid on ﬂow and heat transfer in an
inclined half-annulus was studied considering constant heat ﬂux as boundary condition of hot wall.
Control Volume based Finite Element Method (CVFEM) is applied in order to simulate procedure.
Pressure gradient source terms are eliminated by using vorticity stream function formulation. Inﬂu-
ences of CuO volume fraction, inclination angle and Rayleigh number on hydrothermal manners
are presented. Results indicate that inclination angle makes changes in ﬂow style. The strength
of eddies reaches to its minimum value when the upper wall is hot. Temperature gradient enhances
with rise of buoyancy forces while it reduces with augment of inclination angle.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nanotechnology was proposed as new way to improve heat
transfer. 3D ﬂow over plate has been examined by Mustafa
et al. [1] considering radiation inﬂuence. They proved that tem-
perature ratio has signiﬁcant inﬂuence on thermal boundary
layer. Magnetohydrodynamic (MHD) ﬂow in a cavity with
oscillating wall was examined by Selimefendigil and O¨ztop
[2]. They illustrated that inclination angle of 90 has maximum
performance. Sheikholeslami and Ganji [3] presented various
applications of nanoﬂuid in their review paper. Sheremet
et al. [4] simulated the MHD unsteady free convective ﬂowin a wavy cavity. They used ﬁnite difference method (FDM)
to simulate that paper. Inﬂuence of asymmetric heating on
the heat transfer improvement in a microchannel was exam-
ined by Malvandi et al. [5]. Their results illustrated that Lor-
entz forces enhance the Nusselt number about 42%.
Inﬂuence of axial magnetic ﬁeld on nanoﬂuid thermal manage-
ment has been analyzed by Sheikholeslami and Abelman [6].
Inﬂuences of space reliant magnetic ﬁeld on ferroﬂuid motion
were investigated by Sheikholeslami et al. [7]. They concluded
that the higher speed of lid wall causes temperature gradient to
enhance. Inﬂuence of single magnetic source on Fe3O4-water
ﬂow style has been reported by Sheikholeslami and Ganji [8].
They concluded that Kelvin force has various behaviors
according to buoyancy forces and Lorentz forces reduce the
nanoﬂuid motion.
Kandasamy et al. [9] investigated the reaction of nanoﬂuid
versus chemical reaction. Sheikholeslami and Rashidi [10]
applied single phase model for Fe3O4-water nanoﬂuid. They
indicated that Lorentz forces make velocity to reduce. Radia-s, Alex-
Nomenclature
Nuloc local Nusselt number
Nuave average Nusselt number
Pr Prandtl number (=t/a)
q00 heat ﬂux
X;Y dimensionless space coordinates
U;V horizontal and vertical velocity components
Ra Rayleigh number ð¼ gbq00ðrout  rinÞ4=ðkamÞÞ
g
!
gravitational acceleration vector
k thermal conductivity
Greek symbols
b thermal expansion coefﬁcient
l dynamic viscosity
a thermal diffusivity
/ volume fraction
q ﬂuid density
Subscripts
nf nanoﬂuid
c cold
f base ﬂuid
s solid particles
h hot
Figure 1 (a) Geometry and the boundary conditions with (b) The mesh of half-annulus enclosure considered in this work; (c) A sample
triangular element and its corresponding control volume.
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Table 1 The coefﬁcient values of
CuOWater nanoﬂuid [36].
Coeﬃcient values CuOWater
a1 26.593310846
a2 0.403818333
a3 33.3516805
a4 1.915825591
a5 6.42185846658E02
a6 48.40336955
a7 9.787756683
a8 190.245610009
a9 10.9285386565
a10 0.72009983664
Figure 2 (a) Comparison of the temperature on axial midline
between the present results and numerical results by Sharif et al.
[38]; (b) comparison of average Nusselt number between the
present results and numerical results by Khanafer et al. [39]
Gr ¼ 104, / ¼ 0:1 and Pr ¼ 6:2ðCuWaterÞ.
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Sheikholeslami et al. [11] in governing equations. They
revealed that Lorentz forces can decrease the temperature gra-
dient. Awais et al. [12] reported the slip impact on nanoﬂuid
ﬂow in existence of magnetic ﬁeld. Inﬂuence of chemical reac-
tion on micropolar ﬂuid over a plate has been presented by
Rashad et al. [13]. Homotopy Analysis Method (HAM) was
used by Joneidi et al. [14] to investigate the mass transfer over
a plate. The inﬂuence of atherosclerosis on hemodynamics of
stenosis has been forecasted by Nadeem and Ijaz [15]. They
showed that the velocity gradient on the wall of titled arteries
reduces with augment of Strommers number. Ahmad and
Mustafa [16] investigated the rotating nanoﬂuid ﬂow induced
by an exponentially stretching. Their results revealed that tem-
perature gradient reduces with augment of angular velocity.
Hayat et al. [17] presented the inﬂuence of radiation on mass
transfer of nanoﬂuid. They showed that temperature gradient
reduces with augment of thermal radiation. Hussein et al.
[18] investigated the free convection of nanoﬂuid in T-shaped
cavity. They proved that temperature gradient reduces with
rise of heat source length. Radiation heat transfer over a sen-
sor surface has been studied by Hamzah et al. [19]. They
showed 30% enhancement in Nusselt number with use of
nanoﬂuid. Several authors reported their results about nano-
ﬂuid and natural convection decade [20–35].
The goal of this article was to present a simulation of free
convective heat transfer in an inclined half annulus using
CVFEM. Simulation is carried out for various inclination
angles, CuO volume fraction and Rayleigh number. Also a
correlation for Nusselt number is presented.
2. Problem definition
Fig. 1 illustrates the important geometric parameters of cur-
rent geometry. Also sample mesh is presented. Constant heat
ﬂux is applied on inner surface and other conditions are clear
in Fig. 1.Table 2 Thermo physical properties of water and nanoparticles [36
q (kg/m3) Cp (j/kg k) k (W/m k)
Water 997.1 4179 0.613
CuO 6500 540 18
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3.1. Governing formulation
The ﬂow is laminar and steady and in two dimensional.
Boussinesq approximation has been considered for momentum].
b 105ðK1Þ dp (nm) r ðX mÞ1
21 – 0:05
29 1010 6500
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Table 3 Comparison of the average Nusselt number Nuave for different grid resolutions at Ra ¼ 105, k ¼ 0 and / ¼ 0:04.
Mesh size in radial direction angular direction
51 163 61 207 71 241 81 261 91 291 101 321 111 351 121 381 131 411
7:1086 7:0498 6:9871 6:9230 6:8868 6:8586 6:8358 6:8171 6:8016
R
a=
 1
03
max maxnf f
1.3, =1.271Ψ Ψ=
R
a=
 1
04
max maxnf f
6.519, =5.989Ψ Ψ=
R
a=
 1
05
max maxnf f
17.86, =16Ψ Ψ=
Figure 3 Comparison of the streamlines (left) and isotherms (right) contours between nanoﬂuid (/ ¼ 0:04) (- - -) and pure ﬂuid (/ ¼ 0)
(––) for different values of Ra at k ¼ 0 and Pr ¼ 6:2.
4 M. Sheikholeslami, D.D. Ganjiequations. Nanoﬂuid is assumed as homogenous ﬂuid.
According to these assumptions the governing equations can
be presented as follows:
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bnf, ðqCpÞnf and qnf are deﬁned as follows:Please cite this article in press as: M. Sheikholeslami, D.D. Ganji, CVFEM for free
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ðqCpÞnf ¼ ðqCpÞfð1 /Þ þ ðqCpÞs/ ð6Þ
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ðkn fÞ and ðln fÞ are obtained according to Koo–Kleinstreuer–Li
(KKL) model [20]:
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Figure 4 Isotherms (down) and streamlines (up) contours for different values of Rayleigh number when k ¼ 45 and 90 for CuO-water
nanoﬂuid (/ ¼ 0:04).
CVFEM for free convective heat transfer of CuO-water nanoﬂuid 5lnf ¼
lf
ð1 /Þ2:5 þ
kBrownian
kf
 lf
Pr
ð9Þ
All needed coefﬁcients and properties are illustrated in
Tables 1 and 2 [36].
Vorticity and stream function should be deﬁned as follows:
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By removing pressure gradient source terms from Eqs. (2)
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Dimensionless parameters are as follows:
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Figure 5 Isotherms (down) and streamlines (up) contours for different values of Rayleigh number when k ¼ 135 and 180 for CuO-
water nanoﬂuid (/ ¼ 0:04).
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to the following:
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Prf ¼ tf=af; Raf ¼ gbfL4q00=ðkf aftfÞ; respectively. Nuloc and
Nuave over the hot wall should be calculated as follows:
Nuloc ¼ knf
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 
1
H
ð18Þ
Nuave ¼ 1p
Z p
0
NulocðfÞdf ð19Þ3.2. Numerical procedure
Linear interpolation is utilized for approximation of variables
in the triangular element which is considered as building
block (Fig. 1(c)). Gauss-Seidel method is utilized to solve
the algebraic equations. More details exist in reference
book [37].convective heat transfer of CuO-water nanofluid in a tilted semi annulus, Alex-
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Figure 6 Effects of the nanoparticle volume fraction, Rayleigh number and inclination angle for CuO-water nanoﬂuids on local Nusselt
number.
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(a) 180λ = (b) ( )log Ra 5=
(c) ( )log Ra 5 , 0.04 , 180φ λ= = =
Figure 7 Effects of the nanoparticle volume fraction, Rayleigh number and inclination angle for CuO-water nanoﬂuids on average
Nusselt number.
8 M. Sheikholeslami, D.D. Ganji4. Mesh independency and verification
Various grids have been considered for the case of / ¼ 0:04;
Ra ¼ 105and k ¼ 0 as presented in Table 3. This table indi-
cates that the mesh size 71 211 can be chosen. Fig. 2(a and
b) depicts the validation of current FORTRAN code. These
ﬁgures prove the accuracy of this code in comparison with
[38,39].
5. Results and discussion
In this work, the inﬂuence of CuO nanoparticle on the
hydrothermal behavior in an inclined half-annulus is studied
using CVFEM. Simulation is made for different values of Ray-
leigh number (Ra ¼ 103; 104 and 105), inclination anglePlease cite this article in press as: M. Sheikholeslami, D.D. Ganji, CVFEM for free
andria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.2016.11.012(k ¼ 0; 45; 90, 135 and 180) and volume fraction of
CuO (/ ¼ 0% and 4%).
Fig. 3 depicts the effect of CuO nanoparticles on hydrother-
mal characteristics. The nanoﬂuid velocity augments due to
enhancement in the solid movements. Temperature gradient
augments with rise of volume fraction CuO. Figs. 4 and 5 illus-
trate the impact of inclination angle, Rayleigh number and
CuO volume fraction. Conduction mode is dominated in low
Rayleigh number. Two rotating vortexes exist in streamlines.
As buoyancy forces augment, temperature gradient enhances
and thermal plume appears near the vertical center line. The
core of vortexes moves upward. At k ¼ 45, the counterclock-
wise vortex is stronger than other one due to more space for
circulation. At k ¼ 90, the two main eddies merged into one
counterclockwise eddy. The streamlines and isotherms at
k ¼ 135 and 180 are depicted in Fig. 5. As seen, the impactconvective heat transfer of CuO-water nanofluid in a tilted semi annulus, Alex-
(a) 0.04φ = (b) 180λ =
(c) ( )log Ra 5=
Figure 8 Contour plots of average Nusselt number.
Figure 9 Effects of k and Ra on the heat transfer enhancement
due to addition of nanoparticles when Pr ¼ 6:2.
CVFEM for free convective heat transfer of CuO-water nanoﬂuid 9of Rayleigh number on the size of eddies for k ¼ 135 is oppo-
site to that of k ¼ 45. By increasing buoyancy forces, the size
of secondary eddy decreases and ﬁnally at Ra ¼ 105 a small
vortex appears on the top of the secondary eddy, which turns
in clockwise directions.
This behavior of thermal boundary layer may be due to the
stronger ﬂow circulation at higher Rayleigh numbers at these
points. The isotherms and streamlines for k ¼ 180, are almost
symmetric to the vertical centerline. However, enhancing the
buoyancy forces has no signiﬁcant inﬂuence on the location
of two main eddies’ core. In fact, when the hot circular wall
locates above the cold one, the impact of convection on the
velocity and temperature is less pronounced. Similar to the
inclination angle of 135, the temperature gradient becomes
thinner near the inner wall except to the two inner corners.
Inﬂuences of important parameters on Nuloc and Nuave are
depicted in Figs. 6–8. The correlation for this parameter is as
follows:Please cite this article in press as: M. Sheikholeslami, D.D. Ganji, CVFEM for free convective heat transfer of CuO-water nanofluid in a tilted semi annulus, Alex-
andria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.2016.11.012
10 M. Sheikholeslami, D.D. GanjiNuave ¼ 2:12 1:2 logðRaÞ þ 0:01k 11:81/
 4:88k logðRaÞ þ 7:94/ logðRaÞ  0:027k/
þ 0:38 log ðRaÞ2 þ 2:19k2 þ 0:07/2 ð20Þ
Response surface methodology (RSM) is utilized to ﬁnd
this correlation. This method presented polynomial formula-
tion according to input data. As volume fraction of CuO aug-
ments, Nuloc augments. Nusselt number augments with rise of
Ra. Nuloc proﬁles are symmetric to f ¼ 90 when k ¼ 0 and
180. At k ¼ 0 and 45 minimum amount of Nuloc is located
at f ¼ 90 and 55 respectively. Also Fig. 8 shows that for
k ¼ 135 and 180 maximum amount of Nuloc is located at
f ¼ 100 and 90 respectively. Nusselt number decreases with
enhancement of inclination angle. Fig. 9 shows the inﬂuence
of k and Ra on the heat transfer enhancement. This parameter
can be calculated as follows:
E ¼ Nuð/ ¼ 0:04Þ NuðbasefluidÞ
NuðbasefluidÞ  100 ð21Þ
According to this ﬁgure, heat transfer enhances with aug-
ment of inclination angle. Higher Rayleigh number leads to
lower values of E. In low Rayleigh number and k ¼ 180, the
dominant mechanism is conduction and in this way adding
nanoparticles has signiﬁcant impact on thermal conductivity.
6. Conclusions
Nanoﬂuid free convective heat transfer in an inclined half-
annulus is studied using CVFEM. Flow style and temperature
distribution are presented for different inclination angles, CuO
volume fraction and Rayleigh number. Results indicate that
temperature gradient enhances with rise of CuO volume frac-
tion and buoyancy forces but it reduces with augment of incli-
nation angle. As inclination angle increases, the maximum
value of stream function reduces. Moreover, the impact of
CuO volume fraction on temperature gradient is more signiﬁ-
cant at lower Rayleigh number. The streamlines and isotherms
clearly indicate that the inclination angle of enclosure can be
utilized as a control parameter.
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